Si-Ti-C-O (Tyrano) fibers, with their advantages of light weight and high strength, are increasingly being applied as structural materials in the fields of aerospace and mover engineering. A twisting has been a serious problem on standard tensile test to evaluate the elasticity, fracture stress and strain of the fibers. Thus, stress-strain curves have been obtained by using developed a novel twisting relaxation tensile tester with the constant strain rate. The twisting relaxation apparently enhances the fracture stress and clearly increases the fracture strain of Si-Ti-C-O (Tyrano) fibers at every fracture probability. Although the twisting relaxation decreases the gradient of stress-strain curve, the elongation induced by relaxation mainly enlarges the fracture stress. Our results and discussion show that the twisting relaxation enhances the reliability against fracture for Si-Ti-C-O (Tyrano) fibers.
Introduction
High tensile fibers composites materials have been applied for engineering for aerospace and transportation equipments. 1, 2) Evaluating a stress-strain curve of its fiber is a useful tool to design mechanical properties of high strength materials. In order to evaluate bending fracture of high strength carbon fibers, bending fracture strain has been obtained. 3) On the other hand, the fiber strength is also evaluated by measuring fracture stress and fracture strain, which are detected by means of Instron type tensile test with constant strain rate. However twisting of high-strengthened fiber on tensile tests is a serious problem to evaluate a fracture stress and a fracture strain, precisely.
The fracture strength of a carbon fiber has been obtained by means of a primitive tensile tester to relax the twisting. 4) However, it is difficult to control the strain rate. To keep constant of strain rate, a novel Instron type tensile tester with twisting relaxation has been developed by using a laser system to measure displacement and rotating spindle with magnet to draw the sample straightly by gravity and to support the spindle. 5) Recently, Si-Ti-C-O ceramics (Tyrano) fibers with high heat resistance in air have been innovated. 6, 7) Therefore, a purpose of the present work is to evaluate a fracture stress and a fracture strain in such fibers relaxed twisting using by means of a new type of tensile tester just developed.
Experimental Procedure
Each Si-Ti-C-O, Tyranno sample fiber (12 mm in diameter, TY-FIH16PX, Ube Industriers, Ltd., Ube-shi, Japan), was cut into pieces 50 mm in length. As shown in Fig. 1 , both grips of fiber sides were fixed on a paper by an adhesion bond. Figure 2 shows a schematic drawing of a twisting relaxation Instron type tensile tester for fine fibers. The tensile test was performed at constant strain rate from 10 À6 to 10 2 . The most important point was a twisting relaxation on setting of sample fiber, as shown in Fig. 2 . The tensile tester was constructed with a rotation part for the twist relaxation (1), a loading part (2) and a measuring part for the strain evaluation (3). Figure 2 (b) shows a schematic drawing of the rotation part for twist relaxation (1) in the tensile tester. To decrease the friction resistance parallel to rotating direction, the lower grip was supported by not only a spindle tip vertical to the fiber sample, but also the repulsive force of a permanent magnet parallel to the fiber. The chuck systems often twisted the fiber sample on mounting. To annihilate the residual twisting stress, the fiber sample was mounted by a hooklet system. To measure the load and strain, a micro load cell (LSV-50GA, Kyohwa-Dengyo, Tokyo) and a displacement measurement system (LK-030, Keyence, Osaka) with a 0.5cm It was important to measure a length displacement to evaluate a strain, precisely. Figure 3 shows a relationship between the length displacement (L/mm) and the electrical potential (E/V) of the light ray sensor. It was expressed by a following equation.
To calibrate the strain, precisely, the equation was useful. An integrated fracture probability (P f ) was a convenient way to analyze fracture stress value ( f ) quantitatively, and was expressed by a following equation which used a generalized form of the Median Rank method.
Here, n and I were the total number of samples and the order of fracture of each sample, respectively.
Results

Stress-strain curve of twisting relaxation
Stress-strain curves at 0.58 of fracture probability of SiTi-C-O fibers measured by means of the tensile tester with and without twisting relaxation are shown in Fig. 4 . The twisting relaxation decreases the initial slope (d=d") value (apparent elasticity) of the stress-strain (-") curve, whereas the relaxation apparently elongates the fracture strain from 1.25 to 2.30 and clearly enlarges the fracture stress from 2.50 to 3.25 GPa of Si-Ti-C-O fibers.
3.2 Influence of twisting relaxation on fracture stress and fracture strain Figures 5(a) and (b) show changes in the fracture stress ( f ) and fracture strain (" f ) against fracture probability (P f ) of Si-Ti-C-O fibers with and without twisting relaxation, respectively. The fracture stress values with twisting are from 2.05 to 3.34 GPa, whereas the fracture stress values with twisting relaxation are from 2.74 to 3.40 GPa. Furthermore, the fracture strain values with twisting are from 0.9 to 1.8, whereas the fracture strain values with twisting relaxation are from 1.4 to 2.6. The twisting relaxation apparently enhances the tensile fracture stress and fracture strain at every fracture rate. The enhancements of tensile fracture stress and fracture strain at every fracture rate are 0:5 AE 0:4 GPa and 0:7 AE 0:3, respectively.
Discussion
Effect of twisting relaxation
Although the twisting relaxation decreases the initial slope of stress-strain curve (see Fig. 4 ), the twisting relaxation elongates the fracture strain. As a result, the elongation mainly enlarges the fracture stress. Namely, the most important factor to enhance the fracture stress in the tensile stress-strain curve at 0.58 of fracture probability is an elongation induced by twisting relaxation of Si-Ti-C-O fibers.
As shown in Fig. 5 , the fracture stress and fracture strain of the relaxed Si-Ti-C-O fibers are also higher than those of the twisted fiber at every P f value. The results confirm that the twisting relaxation enhances the fracture resistance of Si-Ti-C-O fibers. Enhancements of fracture stress and fracture strain can be explained by the twisting relaxation. The twisting relaxation generates the rotation from 15 to 100 degree of rotation angle for all fiber samples on the tensile test. Since the twisting on tensile test induces the shear stress, 9) the real tensile strain is longer than that of experimentally obtained strain, resulting in the high gradient of stress-strain curve for the twisted fiber. Since the twisting generally accelerates crack generation and growth, it clearly decreases the strain and stress on fracture. Therefore, the twisting relaxation apparently enhances the fracture strain and fracture stress, as shown in Figs. 4, 5(a) and (b).
Reliability against fracture
If the Weibull Equation is assumed to be applicable to the measured fracture stress ( f ), the fracture probability (P f ) depends on the risk of rupture ( f = o ) and is expressed by the following equation. 
In predicting the required fracture stress and Weibull coefficient (m), the expectant fracture stress ( o ) is a key parameter in the development of structural materials. When the P f value is equal to 0.967, the f value is defined as o . Figure 6 shows Weibull plots against fracture stress of SiTi-C-O fibers with and without twisting relaxation. Linear relationships expressed by a following equation are obtained.
Based on the slope of linear line in Fig. 6 , Weibull modulus (n) is 15.8 for the relaxed fiber. The twisting relaxation decreases the n value. It shows that the twisting relaxation apparently decreases the experimental errors of fracture stress for the twisting relaxed Si-Ti-C-O fiber.
Based on eq. also enhances the reliability related to experimental errors of fracture stress. Furthermore, when eqs. (5) and (6) are assumed to be applied for fracture stress and fracture strain, 11) the minimum fracture stress ( s ) and the minimum fracture strain (" s ) are obtained for the Si-Ti-C-O fibers.
As shown in Fig. 7 , linear relationships expressed by eqs. (7) and (8) are obtained. Therefore, we conclude that the twisting relaxation enhances the reliability related to experimental errors on fracture stress and strain.
Conclusion
Stress-strain curves were obtained by using developed a novel twisting relaxation tensile tester with the constant strain rate. Twisting relaxation enhanced tensile fracture stress and fracture strain at every fracture probability for SiTi-C-O fibers. Our results and discussion show that the twisting relaxation enhanced the reliability against fracture.
